Cellular metabolic reprogramming is an important mechanism by which cells rewire their metabolism to promote proliferation and cell growth. This process has been mostly studied in the context of tumorigenesis and less is known about its relevance for non-pathological processes and how it affects whole animal physiology. Here, we show that Drosophila female germline cells reprogram their carbohydrate metabolism, upregulating the pentose phosphate pathway (PPP) to produce eggs. Strikingly, this cellular reprogramming strongly impacts nutrient preferences. PPP activity in the germline specifically increases the animal's appetite for sugar, the key nutrient fueling this metabolic pathway. We furthermore provide functional evidence that the germline alters sugar appetite by regulating the expression of the fat body secreted satiety factor fit. The cellular metabolic program of a small set of cells is therefore able to increase the animal's preference for specific nutrients through inter-organ communication to promote specific metabolic and cellular outcomes.
Introduction
Within organisms, different cellular populations can have fundamentally different metabolic needs. Over the last decade, there has been an increased appreciation that cells can undergo an orchestrated reprogramming of their metabolic capacities, not to react to specific metabolic challenges, but to acquire new cellular and biological functions. The most prominent example of such reprogramming, originally described by Otto Warburg, is the rewiring of metabolism observed in tumor cells (Pavlova and Thompson, 2016; Vander Heiden et al., 2009; Warburg, 1956; Warburg et al., 1926) . The "Warburg effect" is characterized by an increase in aerobic glycolysis and a concomitant reduced reliance of cells on oxidative phosphorylation (DeBerardinis and Chandel, 2016; Pavlova and Thompson, 2016; Vander Heiden et al., 2009) . While mostly discussed in the context of pathological proliferative states, it is clear that such reprogramming also occurs in physiological settings. This is best appreciated in the context of development, where the metabolic program of cells is intimately linked to both their stemness as well as their differentiation potential (Shyh-Chang et al., 2013) . In this context, metabolic reprogramming is thought not to be reactive but instead prewired to guide specific developmental outcomes. Animals are thus home to a multiplicity of cells with different metabolic identities. How organisms satisfy the differing and sometimes op-posing nutritional needs of such different cellular populations and, conversely, how cellular metabolic reprogramming affects whole-animal physiology and dietary choices has been little explored. Originally, the "Warburg effect" was thought to be linked to the energy household of cells. However, more recently it has been proposed that the main advantage of this reprogramming is boosting the synthesis of essential macromolecular building blocks required during phases of high cellular demands such as proliferation (DeBerardinis et al., 2008b; Heiden and DeBerardinis, 2017; Lunt and Vander Heiden, 2011) . Proliferating and growing cells as the ones found in tumors have a very high demand for metabolites such as nucleotides, amino acids, lipids, and redox potential, which they meet by channeling carbohydrates from glycolysis into the pentose phosphate pathway (PPP) (Lunt and Vander Heiden, 2011; Stincone et al., 2015) . Accordingly, multiple studies in vertebrates and Drosophila, point to high dietary carbohydrate intake as promoting tumor growth (Goncalves et al., 2019a,b; Hirabayashi et al., 2013) . The lack of in vivo whole animal models precludes a better understanding of the regulation and importance of PPP induction upon metabolic remodeling in physiological contexts. The Drosophila female germline has served as a powerful, experimentally versatile model for discovering and dissecting many important cellular and developmental processes (Barton et al., 2016; Johnston and Ahringer, 2010; Lehmann, 2012) . Oogenesis starts with the asymmetric division of a set of pluripotent germline stem cells (GSCs) followed by a set of tightly controlled, rapid cell divisions, and the maturation of the resulting egg chambers which contain the oocyte (Bastock and Johnston, 2008; de Cuevas et al., 1997; McLaughlin and Bratu, 2015; Slaidina and Lehmann, 2014) . Given the importance of metabolism in determining both stemness and cell fate identity, recent work has started unraveling the importance of specific metabolic programs during Drosophila oogenesis (Sieber and Spradling, 2017) . Most studies have focused on the remodeling of oxidative phosphorylation and its consequences on oogenesis. It has long been known that in late oocytes, mitochondria are remodeled and become quiescent (Cox and Spradling, 2003; Dumollard et al., 2007; Wallace and Selman, 1990) . During the early stages of oogenesis, ATP synthase is thought to be required for the correct determination of the oocyte (Teixeira et al., 2015) . Intriguingly this process seems to be independent of the function of the ATP synthase complex during oxidative phosphorylation. At later stages, remodeling of the mitochondria is thought to lead to a global shift in carbohydrate utilization and a resulting accumulation of glycogen (Sieber et al., 2016) . While these studies have focused on the importance of mitochondrial remodeling, little is yet known regarding the other metabolic needs of the germline. Furthermore, the metabolic processes controlling the early stages of oogenesis and how they impact egg production remain poorly understood.
While the ability of proliferating cells to synthesize building blocks is now recognized as key to their function, nutrient uptake remains a key factor underlying all metabolic traits of cells. Accordingly, the Drosophila female germline is exquisitely nutrient sensitive. This has been best characterized for dietary proteins (mainly provided by dietary yeast) and amino acids (Carvalho-Santos and Drummond-Barbosa and Spradling, 2001; Hsu and Drummond-Barbosa, 2009; Leitao-Goncalves et al., 2017; Piper et al., 2014; Søndergaard et al., 1995) . Removal of these nutrients leads to a rapid and drastic reduction in egg production. While the requirement of dietary carbohydrates for oogenesis has been hardly explored, it is known that 65% of carbon in the germline is derived from dietary carbohydrates (Min et al., 2006) . Furthermore, in Drosophila, sugars have been found to be mainly channeled into the PPP (Eisenreich et al., 2004) suggesting that this metabolic pathway could also play an important role in the germline. Dietary sugars therefore seem to be a critical source for metabolites during oogenesis, potentially through the PPP. Nevertheless, the importance of carbohydrate metabolism and the PPP for oogenesis remains to be assessed.
Animals are able to adapt their feeding behavior to meet their current nutritional needs. Many animals, including humans, do so by developing specific appetites, increasing their consumption from specific food sources in response to changes in various internal states including nutritional and mating states (Itskov and Ribeiro, 2013; Simpson et al., 2015; Simpson and Raubenheimer, 2012) . Insects, for example, modulate food preferences to compensate for lack of dietary salts, amino acids or sucrose. They also increase the intake of certain nutrients in an anticipatory manner in response to mating (Corrales-Carvajal et al., 2016; Itskov et al., 2014; Leitao-Goncalves et al., 2017; Ribeiro and Dickson, 2010; Simpson et al., 2006; Trumper and Simpson, 1993; Walker et al., 2015) . Changes in nutritional preferences are thought to be triggered by two mechanisms: the direct detection of changes in nutrient availability at the level of the central nervous system using neuronal nutrient sensing, and the reception of indirect nutritional information mediated by endocrine signals reporting the nutritional status of peripheral organs (Coll et al., 2007; Droujinine and Perrimon, 2016; Friedman and Halaas, 1998; Itskov and Ribeiro, 2013; Leopold and Perrimon, 2007; Pool and Scott, 2014; Williams and Elmquist, 2012) . In Drosophila the female germline has been proposed to modulate food intake through ecdysone, controlling the increase in lipid accumulation in late-stage oocytes (Sieber and Spradling, 2015) . It has however been shown that the germline and ecdysone do not play a role in increasing pro-tein appetite in response to amino acid deprivation or mating (Carvalho-Santos and Ribeiro and Dickson, 2010; Walker et al., 2015) . Whether the germline affects carbohydrate-specific appetites, and if so, how, is not known. In this study we describe two novel roles for sugar metabolism in the Drosophila female germline: promoting egg production and ensuring sugar intake. We demonstrate that both genetically ablating the ability of the germline to metabolize carbohydrates as well as dietary deprivation of this nutrient reduces egg production. The PPP plays a key role in mediating the impact of sugar metabolism on oogenesis. Genetically interfering with PPP activity in the ovaries severely reduces egg production. The ability of the germline to metabolize sugars through the PPP arises through the metabolic reprogramming of cells as they progress through oogenesis after differentiating from germline stem cells. By inducing the expression of the key carbohydrate metabolic enzyme Hexokinase A and enzymes of the PPP, these cells become competent to metabolize carbohydrates through this pathway, promoting egg production. We furthermore show that PPP activity in the germline induces a feed-forward increase in sugar appetite. Females without a germline or lacking PPP activity in this tissue show a drastic decrease in sugar appetite. This effect is specific for sugar feeding and relies on the increase in expression of the fat body secreted satiety factor Fit. fit mutants have high sugar appetite even when the germline is ablated. Our work highlights the importance of carbohydrate metabolic reprogramming for germline function, pinpoints the PPP as a key metabolic pathway required for egg production, identifies a novel feed-forward motif by which the metabolic identity of a small set of cells promotes the ingestion of the nutrient required for fueling this specific metabolic pathway, and provides functional evidence that this behavioral regulation relies on inter-organ communication between the germline and the fat body.
Results
Carbohydrate metabolism in the germline is required for egg production. Understanding the impact of nutrients and their metabolism on organismal function is a highly relevant but complex task. Carbohydrate metabolism has recently emerged as a key factor controlling cell proliferation and growth (Heiden and DeBerardinis, 2017; Lunt and Vander Heiden, 2011; Shyh-Chang et al., 2013) . We therefore set to carefully dissect the effect of sugars on egg production and ovary physiology. In order to explore the specific impact of carbohydrates in an organ-specific manner, we decided to genetically interfere with the capacity of the germline to metabolize glucose. Hexokinases catalyze the initial step in the oxidative phosphorylation of hexoses ( Fig. 1A) . These enzymes are widely accepted to control glucose flux into different metabolic pathways (Stryer, 1995) . In Drosophila, four different genes encode Hexokinases, giving rise to several isozymes. Of these, Hexokinase A (HexA) is thought to be the main isozyme expressed in the ovaries (Cavener, 1980; Chintapalli et al., 2007) . We therefore specifically knocked down HexA in the female germline using the strong germline The role of glucose uptake by the germline in egg laying and ovary morphology was assayed by knocking down the hexokinase HexA specifically in the germline. (C) Number of eggs laid per female in 24 h. MTD-Gal4 driver was used to drive short hairpin RNAs specifically in the germline. A GFP knockdown line was used as a negative control. Black filled circles represent the presence and open black circles represent the absence of a particular transgene. Each colored circle in the plot represents eggs laid in single assays of 10-16 mated females (n = number of assays), with the line representing the mean. Statistical significance was tested using an unpaired t test. *** p < 0.001. (D) Schematic depicting a Drosophila ovariole (modified from Bastock and Johnston (2008) ). Each ovary contains 22 ovarioles, composed of egg chambers in different developmental stages (St). The germarium, with the germline stem cells (GSCs) is localized at the most anterior tip. GSCs divide to produce cystoblasts which undergo four rounds of mitotic divisions. One of the 16 cystoblasts differentiates into the oocyte and the remaining develop into nurse cells. These cysts bud off of the germarium to form egg chambers which can be categorized into 14 different stages (St1-St11 depicted here) as they progress through oogenesis. (E) Representative ovariole morphology revealed by immunostaining of ovaries from females in which HexA was knocked down in the germline and the corresponding control. Arrows point to micronuclei and arrowheads to abnormal egg chambers. Green: actin, Gray: DNA. Scale = 100 µm. (F) Visualization of HexA mRNA expression in a representative ovariole using in situ hybridization. a') In situ hybridization of ovaries using a HexA antisense probe. The dash-lined square represents a zoomed in view of the germarium (1.25x) (a"). b) In situ hybridization of ovaries using a HexA sense probe as a negative control. Scale = 100 µm. (C, E and F) Full genotypes of the flies used in these experiments can be found in Table S1 . driver, MTD-Gal4, and assessed the resulting phenotypes in egg production and ovary morphology ( Fig. 1B) . Mated females with germline-specific HexA knockdown, displayed a dramatic decrease in the number of eggs laid in 24 hours when compared to control females (Fig. 1C ). The inspection of egg chamber morphology within ovaries of these flies revealed readily observable abnormalities resulting from HexA knockdown ( Fig. 1D and E). These included the presence of micronuclei which are suggestive of apoptosis.
The female germline undergoes metabolic reprogramming. The metabolic program of different cellular populations is highly regulated, allowing them to adopt new and specific functions within the organism (Giese et al., 2019) . When dysregulated, such metabolic changes can lead to highly aggressive pathologies such as cancer (Pavlova and Thompson, 2016; Sieber and Spradling, 2017) . In order to analyze how carbohydrate metabolism is regulated in the germline, we visualized HexA expression using in situ hybridization and took advantage of the fact that the developmental progression during oogenesis is spatially organized in a linear fashion within the germline (Fig. 1D) . In contrast to what would be expected for a housekeeping gene, the expression of HexA was not detected in all cellular populations of the germarium (Fig. 1F ). We could not detect HexA mRNA in the most anterior part of the germarium, where the GSCs and cystoblasts are located ( Fig. 1F a' and a"). Expression of HexA becomes visible in the most posterior part of the germarium and as oogenesis progresses in both nurse cells and the oocyte (Fig. 1F a' and a"). These data show that carbohydrate metabolism is not constitutively active throughout the germline but that the germline undergoes metabolic reprogramming when it transitions to more differentiated stages ( Fig. 1F a' and a"). Overall, our results indicate that the germline metabolizes dietary carbohydrates to generate eggs, a process that is critically mediated by HexA. These results explain the earlier reports showing that the female germline absorbs a high proportion of dietary carbohydrates, which in turn contribute to a large fraction of metabolites found in this organ (Min et al., 2006; O'Brien et al., 2008) . Furthermore, carbohydrate metabolism is likely to be regulated at the transcriptional level, which could allow different cellular populations to use their new metabolic identity to support specific cellular and developmental functions.
Dietary carbohydrates are required for egg production. If cellular carbohydrate metabolism is critical for oogenesis, dietary carbohydrate supply could also modulate egg production. We therefore decided to test if the sugar content of the diet impacts egg laying. A key challenge in nutritional research is the difficulty in manipulating specific nutrients when using natural foods. We therefore took advantage of a fully chemically defined fly diet (Piper et al., 2014 , which allows us to precisely control the nutrient content of the diet. After 3 days on this diet, mated females were tested for egg laying and dissected for the analysis of their ovary morphology ( Fig. 2A ). We found that similarly to what had been described for amino acid deprivation, the acute depriva- In wild type germaria, bam is transcriptionally repressed in the GSCs by Bone Morphogenetic Protein (BMP) signaling from the stem cell niche. Once GSCs divide, the daughter cell moves away from the niche leading to bam transcription and the differentiation into cystoblasts. (C) Ovary morphology from representative wt females. (D) bam overexpression in the germline leads to the premature differentiation of the GSCs and the rapid loss of germline cells and hence egg production. (E) Ovary morphology of representative females overexpressing bam specifically in the germline using nos-Gal4 as a driver. (F) bam knockdown in the germline leads to a blockade in the differentiation into cystoblasts resulting in the accumulation of GSCs and the inability to produce eggs. (G) Ovary morphology of representative females with bam specifically knocked down in the germline using nos-Gal4 as a driver. (H-M) Females in which the germline was fully (nos-Gal4>UAS-bam) or partially ablated (nos-Gal4>bam shRNA) or metabolically manipulated (MTD-Gal4>HexA shRNA) were assayed for an effect in nutrient choice using the flyPAD technology after 2 days on either a complete holidic medium or one lacking sucrose. Sucrose appetite is represented as the difference in sucrose feeding of flies maintained on holidic medium lacking sucrose (-S) vs full holidic medium (full) (H, J, and L). Yeast appetite is represented as the difference in feeding on yeast of flies maintained on holidic medium lacking amino acids (-AA) vs full holidic medium (full) (I, K, and M) (raw data in Fig. S1 ). Genotype matched GFP knockdown lines were used as negative controls in (J, K, L and M). (H-M) The columns represent the mean and the error bars show 95% confidence interval. Black filled circles represent the presence and open black circles represent the absence of a particular transgene. Full genotypes of the flies used in these experiments can be found in Table S1 . Scale in C, E and G represents 200 µm.
tion of dietary carbohydrates resulted in a significant decrease in the number of eggs laid per female ( Fig. 2B ). Consistently, carbohydrate deprivation also led to a readily observable decrease in ovary size when compared to females kept on a full diet ( Fig. 2C) . These results show that in mated females, dietary carbohydrates are crucial for maintaining a high level of egg production. A reduction in ingested sugars is therefore likely to negatively impact the cellular carbohydrate flux in the germline. Maintaining an adequate supply of this important nutrient is therefore key for optimal reproductive output.
The germline modulates carbohydrate appetite. Food intake is the key process allowing animals to acquire all nutrients sustaining their metabolic requirements and supporting organ function. To maintain tissue nutritional homeostasis, animals adapt their foraging and feeding behaviors according to their current physiological needs (Corrales-Carvajal et al., 2016; Leitao-Goncalves et al., 2017; Ribeiro and Dickson, 2010; Simpson and Raubenheimer, 2012; Steck et al., 2018; Walker et al., 2015) . Given that the germline requires a constant carbohydrate supply to sustain egg production, we decided to explore whether the germline could modulate sugar appetite. We tested this hypothesis by genetically ablating the germline and assaying the females for changes in feeding behavior ( Fig. 3A) . By overexpressing the transcription factor bam, which controls GSC differentiation in the germline, we induced a premature differentiation of the stem cells, resulting in females without a germline ( Fig. 3B -E) (Ohlstein and McKearin, 1997) . We tested these females for sugar appetite phenotypes using the flyPAD technology (Itskov et al., 2014) . As expected females with a germline showed a clear increase in sugar appetite upon carbohydrate deprivation ( Fig. S1A ), which is best visualized by plotting the difference in sugar feeding between sugar deprived and fed flies ( Fig. 3H ). In contrast, this deprivation-induced increase in sugar feeding was abolished in females lacking a germline, which always showed a low level of sugar feeding ( Fig. 3H and Fig. S1A ). This phenotype is nutrient-specific as we never observed an alteration in amino acid deprivation-induced yeast appetite in these animals ( Fig. 3I and Fig. S1B ). Mating dramatically increases egg production and protein appetite via the Sex Peptide pathway (Ribeiro and Dickson, 2010) . The modulation of sugar appetite by the germline is however not induced by mating, as virgin females lacking a germline also show a strong decrease in the appetite for carbohydrates ( Fig.  S1C ). Finally, we also validated the reduction in sugar appetite induced by the ablation of the germline using a different behavioral assay (Ribeiro and Dickson, 2010) (Fig. S1D ). Overall, our results show that, in contrast to protein appetite (Carvalho-Santos and Ribeiro and Dickson, 2010) , the germline strongly affects carbohydrate appetite. Stem cells are characterized by unique metabolic programs (Shyh-Chang et al., 2013) . We therefore wondered if the observed sugar appetite phenotype could be specifically due to the ablation of the stem cells in the germline. To ablate the germline while keeping the GSCs, we knocked down bam using the same germline-specific driver. The resulting differentiation blockade produced ovaries composed solely of a large number of GSCs ( Fig. 3F-G ). Instead of reacting to sugar deprivation by increasing sugar feeding, these females exhibited the same low sugar appetite as germline-ablated females, while showing an intact AA deprivation-induced yeast appetite ( Fig. 3J -K and Fig. S1E -F). These results are consistent with our failure to detect HexA expression in GSCs ( Fig. 1F ) and demonstrate that while the germline is essential in driving sugar appetite, GSCs do not contribute to the modulation of sucrose appetite. The behavioral phenotype observed in germline-ablated females is consistent with the hypothesis that ovaries inform the central nervous system of their nutritional requirements to promote sugar appetite. We next explored whether glucose uptake by the germline also underlies the modulation of sucrose appetite. We knocked down HexA specifically in this tissue and tested the change in feeding behavior of the corresponding females upon carbohydrate deprivation. Consistent with all our previous results, these females show a strong and specific reduction in the drive to eat sucrose ( Fig. 3L -M and Fig. S1G-H) . Interestingly, while HexA knock-down germlines display morphological defects, these females still have ovaries ( Fig. 1E ). This suggests that it is the metabolic program of the germline rather than its presence that controls sugar appetite. Together, these results suggest that the metabolic program of a specific group of germline cells expressing HexA strongly impacts sugar feeding.
Despite their low drive to eat sugar, germline-ablated females are in a hungry state. The previous results can be easily explained if the ablation of the female germline leads to a drastic reduction in the utilization of existing energy reserves, and hence to an increase in resistance to starvation. To test if this could be the case, we measured glucose concentrations in the heads of germline-ablated females (Fig. 4A ). As expected, sucrose deprivation led to a reduction in glucose in control animals. Germline ablation did not result in an increase in glucose in the head. If at all, these females showed a tendency towards a decrease in sugar concentration when compared to genetic background controls both in the fully fed and the carbohydrate-deprived situations (Fig. 4A ). Furthermore, in contrast to their feeding behavior, germline-ablated females retain the ability to metabolically respond to dietary deprivation of sugar. They show a decrease in the concentration of glucose upon carbohydrate deprivation. Similarly, trehalose and fructose concentrations were also not increased in germline-ablated fly heads ( Fig. S2 ). We further explored whether these females had increased available energy stores by carrying out a starvation resistance assay. In these experiments germline-ablated females did not show an increased resistance to starvation when compared to controls (Fig. 4B ). This suggests that germline-ablated females do not have increased fat stores. Therefore the absence of sucrose appetite in females without a germline cannot be explained by the fact that these animals have higher energy reserves. Rather our results suggest that these females are in a metabolically "hyper-starved" state, which could result from their inability to increase sugar intake upon sugar deprivation. Glucose measurements from heads of females reared for 2 days on full holidic medium (green) or holidic medium lacking sucrose (orange). Glucose concentrations were normalized to protein concentrations in the sample. The columns represent the mean and the error bars the standard error of the mean. n = total number of samples used per condition. Statistical significance was tested using an ordinary one-way ANOVA followed by Sidak's multiple comparisons test. (B) Starvation curves of germline-ablated females and corresponding genetic background controls. Single flies were kept in tubes with water soaked paper and survival was scored every 12 h. n = 80. Statistical significance was tested using the Mantel-Cox test. (C) The probability of proboscis extension reflex (pPER) upon the presentation of a 25 mM sucrose solution to the tarsi was calculated for females maintained on a complete medium. The error bars show 95% confidence interval. Statistical significance was tested using Fisher's exact test. (D) The mean duration of interactions with sucrose (s) was measured using the flyPAD setup using females maintained for 2 days on either a full holidic medium (green) or holidic medium lacking sucrose (orange). Boxes represent median with upper/lower quartiles. Statistical significance was tested using the Kruskal-Wallis test followed by Dunn's multiple comparison test. (C and D) n = number of flies assayed per condition. (A-D) Black filled circles represent the presence and open black circles represent the absence of a particular nutrient in the holidic medium or of a given transgene. Full genotypes of the flies used in these experiments can be found in Table S1 . ns p ≥ 0.05, * p < 0.05, ** p < 0,01, *** p < 0.001.
Females without a germline cannot sustain sugar feeding. The probability of initiating feeding is dependent on the detection of food by the gustatory system. Nutrient deprivation increases the sensitivity of gustatory neurons and hence the probability of proboscis extension (Inagaki et al., 2012; Steck et al., 2018) . To test if the lack of the germline completely suppressed the ability of the female to react behaviorally to sugar deprivation, we specifically tested their drive to initiate feeding using the proboscis extension response (PER) assay. We calculated the PER of germlineablated flies and corresponding genetic controls upon the presentation of a sucrose solution to the tarsal gustatory neurons (Fig. 4C ). Despite their inability to increase sucrose feeding when carbohydrate deprived, fully-fed germline-ablated females displayed an increased PER to sugar when compared to controls (Fig. 4C ). These data support our conclu-sion that these females are in a "hyper-starved" and hence carbohydrate-deficient state. But how can the overall lack of sugar feeding in these females be explained? Food intake is controlled by two opposite processes which either drive the animal to eat (hunger) or reduce its drive to forage and ingest food (satiation) (Dethier, 1976) . The analysis of the different behavioral parameters generated by the fly-PAD allows the behavioral separation of these two processes (Itskov et al., 2014) . Indeed, a close analysis of the different feeding parameters generated by the flyPAD revealed that in control animals, upon sugar deprivation, females increased the time spent interacting with a sugar food spot (Fig.  4D ). This behavioral phenotype is suggestive of a decrease in a satiation signal. Females without a germline however prematurely stop interacting with food. This suggests that while females lacking a germline have a strong drive to ini- Table S1 . tiate feeding, sugar deprivation does not lead to a decrease in satiation. Collectively, our data suggest that a simple reallocation of resources from the germline to storage tissues does not explain the decrease in sucrose appetite observed in the germline-ablated flies. Instead, the hunger signal induced by dietary carbohydrate deprivation appears to be overruled by a dominant satiety signal that is active when the germline is absent.
The PPP activity in the germline is essential for ovary function. Our data clearly show that dietary carbohydrates, and specifically sugar supply to the germline, is required for egg production ( Fig. 1 and 2) . This prompts the question as to which metabolic pathways in the germline utilize the ingested carbohydrates to support oogenesis. After phosphorylation by Hexokinase, glucose enters a variety of metabolic routes, the most prominent being glycolysis and the pentose phosphate pathway (Fig. 5A ). The importance of these two pathways in driving cell proliferation in healthy and pathological states has nowadays been well documented in different organisms (Lunt and Vander Heiden, 2011; Sieber and Spradling, 2017; Stincone et al., 2015 ; Vander Heiden et al., Figure 6 . The pentose phosphate pathway activity in the germline modulates sucrose appetite. (A-B) Flies were assayed for feeding behavior after 2 days on either a complete holidic medium (full) or one lacking sucrose (-S). Sucrose appetite is represented as the difference in sucrose feeding of flies maintained on holidic medium lacking sucrose vs full holidic medium (raw data in Fig. S3 ). (A) The MTD-Gal4 driver was used to drive short hairpin RNAs specifically in the germline and matching GFP knockdown lines were used as a negative control. (B) A Pgd, Zw double-mutant was used to interfere with the PPP pathway. The columns represent the mean and the error bars show 95% confidence interval. Black filled circles represent the presence and open black circles represent the absence of a particular transgene or a mutation in homozygozity. Full genotypes of the flies used in these experiments can be found in Table S1. 2009). Importantly, how metabolites flow through these two pathways has been associated with fundamentally different cellular proliferation and differentiation outcomes (Shyh-Chang et al., 2013) . We therefore set out to characterize how metabolic pathways downstream of HexA in the female fly germline affect oogenesis. Classic work by Warburg has proposed that aerobic glycolysis is a key determinant of cell proliferation (Vander Heiden et al., 2009) . To probe a possible involvement of glycolysis in oogenesis, we assessed egg laying in females in whose germline we knocked down three different enzymes of this pathway. In contrast to HexA, knockdown of Pgi, Pfk or Pyk in the germline did not lead to a decrease in egg production when compared to the corresponding genetic background controls (Fig. 5B) . Given the high demand for building blocks in highly proliferating cells, the importance of glucose for these cells cannot be solely explained by their energy demands (DeBerardinis et al., 2008b; Lunt and Vander Heiden, 2011; Vander Heiden et al., 2009 ). This demand is thought to be met mainly by the synthesis of building blocks and generation of redox potential by the PPP (Fig. 5A ). We therefore decided to knock down two enzymes of this pathway, Zw and Pgd, specifically in the germline to test the importance of this branch of carbohydrate metabolism in egg production. In contrast to the glycolysis genes, these manipulations led to a dramatic decrease in egg production when compared to the corresponding genetic controls (Fig. 5C ). The effect was of a similar magnitude as the egg laying phenotype observed in HexA knockdown females (Fig. 1C ). Given that knocking down different enzymes in the same pathway leads to the same phenotype, it is extremely unlikely that the observed phenotypes are due to off-target effects of the RNAi. Furthermore, our data is in line with the long known observation that mutants in purine biosynthesis, which is downstream of the PPP, show female sterility (Malmanche and Clark, 2004) . The expression pattern of HexA in the germline suggests that this tissue undergoes a metabolic reprogramming to sustain high egg production. Indeed, in situ hybridization for Pgd mRNA localization in the germline revealed an identical expression pattern for this key PPP enzyme, strongly suggesting that the same reprogramming happens at the level of the PPP (Fig. 5D ). We found that similarly to HexA (Fig. 1F) , Pgd is only detectable in the most posterior part of the germarium and as oogenesis progresses in both nurse cells and oocyte (Fig. 5D a' and a" ). Overall, these results show that after GSC and cystoblast divisions, germline cells undergo a metabolic reprogramming, during which they transcriptionally induce the PPP, a key metabolic pathway important for egg production.
The PPP activity in the germline modulates sugar appetite. Our data suggest that the germline, and more specifically HexA activity in this tissue, promotes sugar appetite (Fig. 3) . Moreover, the induction of the PPP during oogenesis is required for egg production (Fig. 5 ). We next investigated whether this pathway also modulates sugar appetite. We knocked down Pgd and Zw specifically in the germline and tested these females for changes in sugar appetite. Impairing the activity of the PPP by knocking down Zw or Pgd in the germline led to a dramatic decrease in the appetite for sucrose when compared to the corresponding genetic controls ( Fig. 6A and Fig. S3A ). We confirmed these results using a Pgd, Zw double mutant which has been previously characterized to almost completely abolish the metabolic flux through the PPP (Gvozdev et al., 1976; Hughes and Lucchesi, 1977) (Fig. 6B and Fig. S3B) . Similarly to what we found for other germline manipulations, neither females with a germline knock-down of Pgd, Zw nor the double mutants showed defects in amino acid deprivation-induced yeast appetite ( Fig. S3C-D) . Collectively, these results show that the PPP metabolic program in the germline is not only crucial for egg production but also to promote sugar appetite. This links the metabolic activity of this pathway in the ovaries to the regulation of the intake of carbohydrates fueling it, resulting in the maintenance of a high reproductive output. The columns represent the mean and the error bars the standard error of the mean. Statistical significance was tested using an ordinary one-way ANOVA followed by Sidak's multiple comparisons. (B) Females heterozygous or homozygous for a fit null mutation and carrying a hs-bam transgene were heat shocked during development to generate germline-ablated animals. Control animals with a germline were generated by skipping the heat treatment. These flies were then assayed for their sucrose appetite. (C) Flies were assayed for an effect in nutrient feeding using the flyPAD technology after 2 days on either a complete holidic medium or one lacking sucrose. Sucrose appetite is represented as the difference in sucrose feeding of flies maintained on holidic medium lacking sucrose (-S) vs full holidic medium (full) (raw data in Fig. S4 ). The columns represent the mean and the error bars show 95% confidence interval. Black filled circles represent the presence and open black circles represent the absence of the germline or the fit gene. Full genotypes of the flies used in these experiments can be found in Table S1 . ns p ≥ 0.05, * p < 0.05, *** p < 0.001. (D) Model depicting how cellular metabolic reprogramming impacts organ function and carbohydrate appetite. As oogenesis progresses, germline cells undergo metabolic reprograming (right) and dramatically increase the expression of carbohydrate metabolism and PPP genes (center). This directs dietary carbohydrates into the PPP pathway, which is essential for egg production (center). Carbohydrate flux through the PPP pathway increases sugar appetite by suppressing the expression of the satiety peptide Fit in the head fat body (left). The resulting increase in sugar appetite sustains the glucose flux through the PPP in the germline and hence egg production in a feed-forward manner.
The fat body secreted satiety factor Fit mediates the germline regulation of sugar appetite. In both vertebrates and invertebrates, the systemic adaptation of physiology and behavior to the availability of nutrients relies on inter-organ communication (Droujinine and Perrimon, 2016; Williams and Elmquist, 2012) . In vertebrates the adipose tissue and the liver play pivotal roles in this crosstalk (Williams and Elmquist, 2012) . In invertebrates the fat body fulfills a similar role as a key coordinator of nutritional homeostatic responses (Leopold and Perrimon, 2007) . We therefore reasoned that secreted factors expressed in the fat body of females could be valid candidates for mediating the germline effect on sugar cravings. female-specific independent of transformer (fit) encodes a secreted peptide which is expressed in the fat body tissue surrounding the brain of females (Fujii and Amrein, 2002) . Moreover, the nutritional state of the animal regulates fit expression (Fujikawa et al., 2009) . We therefore hypothesized that Fit is involved in communicating the metabolic state of the female germline to the brain. We started by testing this hypothesis by assessing if fit expression is regulated by the germline and its metabolic state. Indeed, we found that while in control females which have been sugar deprived, fit is expressed at very low levels, both germline ablation, as well as germline knockdown of HexA, led to a very clear increase in fit expression ( Fig. 7A  and S4A ). This effect is in agreement with earlier observations showing that progeny of Tudor mutant females, lacking a germline, also show a drastic increase in fit expression (Parisi et al., 2010) . The regulation of fit therefore supports the hypothesis that the fat body senses the metabolic state of the germline and secretes a satiety factor that modulates sugar intake. To functionally test whether the increased expression of fit in germline-ablated flies underlies their decreased sugar appetite, we assessed if removal of fit from these flies would restore increased sugar intake. We combined a fit null mutation (Sun et al., 2017) with a transgene that allows the expression of bam under the control of a heat shock promoter (Fig. 7B ). As observed in control animals, female fit mutants with an intact germline responded to sugar deprivation by increasing their carbohydrate consumption ( Fig. 7C and S4B ). This result is consistent with the observation that in control sugar-deprived females, fit is already hardly expressed ( Fig.  7A and S4A) . Germline ablation in a heterozygous fit mutant background using a heat shock treatment clearly reduced the feeding on sugar as observed in other germline-ablated females ( Fig. 7C and S4B, Fig. 3H and S1A ). Strikingly however, females with an ablated germline and homozygous fit mutant background, showed a rescue of the appetite for sucrose to a level comparable to females with a germline (Fig.  7C) . These results suggest that similarly to what has been shown for protein intake, Fit acts as a satiety factor to suppress sucrose appetite (Sun et al., 2017) . They also nicely explain our earlier observations that the germline does not control sugar feeding initiation but feeding maintenance, a behavioral pattern suggesting the involvement of a satiation factor (Fig. 4D ). Our data suggest that Fit controls satiety by integrating the metabolic activity of the female germline to fine tune the intake of carbohydrates. By acting as a multiorgan relay, the fat body participates in matching the intake of carbohydrates to the metabolic needs of the PPP in the germline, promoting the continuous availability of sugars required for egg production (Fig. 7D ). This anticipatory feed-forward mechanism could be just one example of a more general strategy by which metabolically distinct cell populations communicate their specific needs to the brain to ensure the intake of nutrients vital to their metabolic needs.
Discussion
Cellular metabolic reprogramming is an important biological process by which cells rewire their metabolism to promote cell proliferation, cell growth, and specific developmental outcomes (DeBerardinis et al., 2008a; Lunt and Vander Heiden, 2011; Shyh-Chang et al., 2013; Sieber and Spradling, 2017; Vander Heiden et al., 2009 ). This process has been mostly studied in pathological or ex vivo conditions. We identified a new case of cellular metabolic reprogramming in which cells in the female reproductive organ of Drosophila rewire their metabolism allowing them to utilize the pentose phosphate pathway to generate eggs. We also show that this new metabolic program profoundly impacts whole organism physiology. Gonadal carbohydrate metabolism alters the expression of the satiety factor Fit. Fit is known to be secreted by the head fat body surrounding the brain of the adult female fly, on which this peptide acts to influence feeding. We find that by dramatically reducing the expression of the satiety factor fit, carbohydrate flux in the female gonads specifically increases sugar intake. As dietary sugars are key for maintaining a high reproductive rate, this feed-forward regulatory loop ensures the adequate provisioning of carbohydrates to fuel the PPP and hence reproduction. The Warburg effect is widely regarded as the canonical example of metabolic reprogramming (Vander Heiden et al., 2009; Warburg et al., 1926) . This alteration of cellular metabolism in tumors is characterized by an increase in aerobic glycolysis and a concomitant production of lactate. Metabolically reprogrammed cells also display a dramatically increased consumption of carbohydrates (Gambhir, 2002) . The Warburg effect was long thought to be intimately linked to the energetic demands of cells. But over the last year, the importance of the Warburg effect for the generation of building blocks has emerged as a crucial benefit of cellular metabolic reprogramming (DeBerardinis et al., 2008b; Heiden and De-Berardinis, 2017; Lunt and Vander Heiden, 2011) . Proliferating cells have a high demand for nucleotides, fatty acids, amino acids, and redox potential. These are all metabolic products generated by the PPP from carbohydrates (Stincone et al., 2015) . Indeed, aggressive tumors are known to increase the flux of carbohydrates through the PPP by downregulating their flux through glycolysis (DeBerardinis et al., 2008b) . In this context it is interesting to note that in flies in which we interfered with the expression of glycolytic enzymes, egg laying increased (Fig. 5B) . These data suggest that similarly to what happens in some tumors, reducing the flux through glycolysis leads to an increase in PPP flux and hence the production of eggs. Overall our data strongly suggest that the flux through the PPP is rate-limiting for egg production. Our work therefore adds to the body of work linking the Warburg effect to the production of building blocks and redox potential through the PPP. Appropriately, Otto Warburg not only discovered the metabolic reprogramming phenomenon named after him but also led the efforts culminating in the identification of a key enzyme in the PPP (Warburg and Christian, 1936; Warburg et al., 1935) . Almost 100 years after his seminal work, biologists are now stitching together his findings into a coherent picture, linking cellular metabolic reprogramming to the biosynthetic capacities of the PPP.
Our findings prompt the question of the extent to which cellular metabolic reprogramming could be relevant for reproduction in other organisms. While detailed molecular studies in vertebrates have not fully addressed this question in the context of the whole animal, experiments performed with ES cells as well as knowledge from in vitro fertilization clinical practice suggest that metabolic reprogramming also plays an important role in reproduction across phyla. It is nowadays widely appreciated that changes in metabolism play an important role in instructing specific developmental fates early in vertebrate development (Shyh-Chang et al., 2013) . Most of these changes are linked to alterations in carbohydrate metabolism and have partially been linked to the utilization of the PPP. It is therefore very likely that during human reproduction, metabolic rewiring also plays an important role. If this is linked to changes in appetite and how potential cellular metabolic alterations are linked to whole animal physiology is unknown. What is clear is that in animals including humans, reproduction is intimately linked to changes in appetite and food preferences (Walker et al., 2017) . Intriguingly, in women, energy expenditure increases by 10% during the luteal phase of the menstruation cycle (Webb, 1986) and multiple studies have reported increased consumption of carbohydrates during the premenstrual period (Bryant et al., 2006; Dye and Blundell, 1997) which has been linked to changes in sucrose thresholds (Than et al., 1994) . The reported effects are however modest and are partially contested. Mechanistic studies addressing the importance of cellular metabolic reprogramming in the context of physiological processes such as reproduction and nutritional behavior are likely to bring more clarity and be a fertile area for future research.
Why is the PPP so important for oogenesis? Most likely it is not one specific metabolic product of this pathway which justifies the profound rewiring we observe in our study, but the full set of the produced building blocks and the redox potential essential for cell proliferation and cell growth. But nucleotides might be key to at least partially understand the importance of the cellular biosynthesis of building blocks for reproduction and development. It has long been known that in Drosophila mutants affecting purine synthesis downstream of the PPP result in female sterility (Malmanche and Clark, 2004) . Intuitively, one could argue that given the presence of nucleotides in the diet, the necessity for nucleotide biosynthesis in the germline should be minimal. But recent work has highlighted two important points which could explain this apparent contradiction. First, the pace of cell proliferation and cell growth often outpaces the capacity of cells to absorb building blocks. This makes proliferating and growing cells dependent on their biosynthetic capacity for nucleotides (Song et al., 2017) and might be especially important in endoreplicating cells such as the nurse cells. But more intriguingly, the exact levels of nucleotides during early embryogenesis is emerging as an important factor controlling early steps of embryonic development. Both low and high levels of nucleotides negatively affect morphogenetic processes in the early embryo (Djabrayan et al., 2019; Liu et al., 2019) . Cells rely on the exquisitely precise regulatory control of ribonucleotide reductase enzymatic activity to ensure a precise regulation of nucleotide levels in the egg (Djabrayan et al., 2019; Song et al., 2017) . It is therefore tempting to speculate that the germline induces PPP activity not only to ensure the availability of this critical nutrient but also to be able to regulate the levels of this metabolite in a diet-independent manner.
A key discovery of our study is the ability of metabolically reprogrammed cells to alter sugar appetite. This ensures the provisioning of these cells with an adequate supply of carbohydrates which then further fuels sugar appetite. We show that this change in appetite is mediated by inter-organ communication. Inter-organ communication plays a central role in relaying and coordinating the metabolic needs of organs and specific cellular populations to ensure homeostasis (Droujinine and Perrimon, 2016) . These interactions can be mediated by secreted, dedicated signaling molecules (e.g. hormones), metabolites, or neuronal routes. The brain plays an important role in these interactions as decisions related to food intake are a primary means of regulating whole ani-mal physiology. By directly influencing brain function, specific cellular populations can ensure that the feeding behavior of the whole organism meets the specialized metabolic need of small groups of cells. This is especially important when their needs deviate from the needs of the majority of cells in the animal. Reproduction is a state in which this situation is especially relevant. The generation of offspring imposes a high metabolic burden on the mother, both in terms of quantity and quality of nutrients. The increased needs for salt and proteins in reproducing females are met by anticipatory changes in salt-and protein-specific appetites (Walker et al., 2017) . In vertebrates, these are induced by specific hormones. In the case of Drosophila, the mating state of the female is conveyed by specific neuronal pathways to the brain which control taste processing to generate nutrient specific appetites (Walker et al., 2015) . Here we describe a novel strategy by which reproductive cells can alter feeding behavior to ensure that the animal ingests a diet rich in carbohydrates. Our data suggest that the carbohydrate flux through the PPP in the metabolically remodeled germline is sensed by the fat body leading to the transcriptional inhibition of the gene encoding the secreted peptide Fit. Indeed fit expression is upregulated in both females without a germline and females with germline-specific HexA knockdown. Importantly, HexA knockdown does not lead to germline ablation, indicating that it is not the absence of a germline per se which leads to changes in fit expression and sugar appetite. Fit is likely to act as a sugar satiety signal as flies without a germline and mutant for fit do not show a loss of sugar appetite. It is intriguing that we identify Fit as an important signal regulating sugar appetite, as a previous study has identified Fit as being regulated by the protein content of the diet in females and mediating the satiety effect of this nutrient (Sun et al., 2017) . If one takes into account that dietary amino acids (AAs) have a profound impact on the female germline (Fig. 2) , the regulation of fit by dietary proteins observed by Sun and colleagues could be explained by the indirect impact of AAs on the germline. In our model fit does not detect the presence of specific nutrients in a sexually dimorphic way as originally proposed, but would react to the activity of the germline and convey its metabolic state to regulate nutrient selection.
Many questions still remain to be addressed. Key will be the identification of the signal from the germline which is controlled by the carbohydrate flux through the PPP in this organ. The signal could be a hormone or a dedicated signaling protein. We have tested multiple likely candidates such as ecdysone (Carvalho-Santos and Sieber and Spradling, 2015) and Dilp8 (Colombani et al., 2012; Garelli et al., 2012) and found no evidence for their involvement in sugar appetite (data not shown). An alternative possibility is that the signal is a metabolite produced by the flux of carbohydrates through the PPP which then directly acts on the fat body to regulate fit expression. Although identifying such factors has notoriously been difficult, a combination of genetic, transcriptomic, and metabolomic approaches should yield the identity of the mechanisms by which the germline acts on the head fat body to control fit expression. Another key question is how Fit acts to alter sugar appetite. Sun and colleagues proposed that Fit acts on insulin-secreting neurons to exert its satiety effects. While we have observed that germline ablation can lead to an alteration in Dilp2 and Dilp3 levels in female brains, these changes do not correlate with the observed alterations in feeding behavior (data not shown). The effects in Dilp levels are more readily explained by the observed changes in circulating sugars in these flies (Fig. 4) .
Identifying the molecular and circuit mechanisms by which Fit alters sugar appetite will be a key future avenue to understand how the metabolic state of the germline alters food preferences. Anticipatory, feed-forward regulatory strategies are emerging as an indispensable principle ensuring nutritional and physiological homeostasis (Andermann and Lowell, 2017; Walker et al., 2017) . Such anticipatory strategies guarantee a continuous supply of resources. Using this strategy, the animal circumvents the need for an error signal (induced by the lack of the nutrient) which triggers homeostatic compensation in pure feedback regulatory systems. We propose that we have identified a novel example of such a feed-forward regulatory strategy, which is especially relevant for understanding the impact of metabolic reprogramming. By coupling the flux of carbohydrates through the PPP to an increase in sugar appetite, metabolically reprogrammed cells ensure a continuous, uninterrupted availability of the key metabolic precursor fueling this metabolic pathway. By doing so, cellular metabolic reprogramming extends beyond the cellular level, leading to a whole-organism behavioral metabolic reprogramming. We propose that this strategy is likely not to be confined to the Drosophila female germline but could represent a generalizable regulatory strategy by which metabolically reprogrammed cells could alter physiology and feeding behavior across phyla. If this is the case, one of the most provocative predictions would be that metabolically reprogrammed tumorigenic cells could tap into such a feedforward regulatory loop to increase the appetite of the host for specific nutrients. Given that a high carbohydrate intake has been linked to an increase in tumor growth (Goncalves et al., 2019a,b; Hirabayashi et al., 2013) this would likely lead to a boost of the metabolic capacities of reprogrammed cells and hence proliferation and disease progression. Exploring to what extent metabolic programming rewires whole organism physiology and behavior, identifying the mechanisms underlying such systemic effects, and if this systemic rewiring can explain the progression of diseases relying on cellular metabolic reprogramming, promises to be a fruitful avenue for future research yielding novel insights into how animals maintain homeostasis. ington Drosophila Stock Center (NIH P40OD018537) were used in this study. We thank Rui Martinho and Pedro Prudencio for help with experimental protocol optimization. We thank Rui Martinho, Catarina Pereira, Alisson Gontijo, Samuel Walker, Gili Ezra, Ibrahim Tastekin, Dennis Goldschmidt, Patrícia Francisco, Daniel Münch, and all members of the Behavior and Metabolism laboratory for helpful discussions and comments on the manuscript, and Gil Costa for illustrations. We thank Dennis Goldschmidt for typesetting this manuscript, and Ricardo Henriques for the L A T E X template. We thank Célia Baltazar, Margarida Anjos and Nicholas Archer for technical assistance. This project was supported by the Portuguese Foundation for Science and Technology (FCT) postdoctoral fellowship SFRH/BPD/79325/2011 to ZCS. Work by ZCS was also financed by national funds through the FCT, in the framework of the financing of the Norma Transitória (DL 57/2016). Research at the Centre for the Unknown is supported by the Champalimaud Foundation.
Materials & Methods
Drosophila stocks and genetics. Germline expression of transgenes for overexpression or RNAi delivery was achieved by crossing Gal4-carrying female flies (nanos-Gal4 (courtesy of Dr. Ralph Neumüller) or MTD-Gal4 (BL#31777)) with males from the following stocks: UAS-Bam-GFP (courtesy of Dr. McKearin and Dr. Buszczak), UAS-Bam-shRNA (BL#33631), UAS-HexA-shRNA (BL#35155), UAS-Pfk-shRNA (BL#36782), UAS-Pyk-shRNA (BL#35218), UAS-Pgi-shRNA (BL#51804), UAS-Pgd-shRNA (BL#65078), UAS-Zw-shRNA (BL#50667), UAS-Rpi-shRNA (BL#62196), UAS-GFP-shRNA (I) (BL#41558), UAS-GFP-shRNA (II) (BL#41553) or UAS-GFP-shRNA (III) (BL#41552). The RNAi transgene stocks used in this study were originally generated using two different vectors, VALIUM20 or 22, both effective for expression in the germline, and integration in either the attp2 or attp40 site (Perkins et al., 2015) . The corresponding control GFP knockdown was chosen according to the vector backbone and insertion site of the experimental RNAi line. Double mutant Pgd and Zw females (Pgd n39 Zw lo24 (BL#6033)) were crossed to w 1118 males to generate heterozygous control flies. To test the involvement of fit in mediating the anti-satiation effect of the germline a bam transgene under the control of a heat shock promoter on the X chromosome (BL#24636) was combined with a fit null mutant allele (Fit 81 courtesy of Dr. Yan Li). To generate homozygous mutant offspring these flies were crossed to the fit mutant allele. To generate heterozygous control offspring flies, the same females were crossed to males from the genetic background used to generate the fit mutants. The full genotypes of experimental flies are listed in Table S1 .
Drosophila rearing, media, and dietary treatments.
Flies were reared on yeast-based medium (YBM) (per liter of water: 8 g agar [NZYTech, PT] Holidic media (HM) were prepared as described previously using the FLYaa formulation , with the exception of the HM used for glucose and trehalose measurements and the two-color food choice assays, for which we used the previous HUNTaa formulation, which only differs in the amount of specific amino acids (Piper et al., 2014) . The different HM used in this study are described in Tables S2. Polypropylene fly vials (#734-2261, VWR) were used for rearing the flies in both YBM and HM. In all experiments using the HM, the following dietary treatment protocol was used to ensure a well-fed and mated state: groups of 16 1-5day-old females were collected into fresh YBM-filled vials with 5 Canton-S males and transferred to fresh YBM after 48 h. Following a period of 24 h, flies were transferred to different HM for 48-72 h and immediately tested in the indicated assay. For the egg laying experiments, groups of 16 1-5-dayold females were collected into fresh YBM-filled vials with 5 Canton-S males and transferred to fresh YBM after 48 h. Following a period of 24 h, flies were assayed for egg production. Flies without germline were generated by expressing bam using a heat shock protocol in a water bath at 37ºC for 1 h, followed by a 2 h recovery period at 25ºC and followed by another heat shock at 37ºC for 1 h. This protocol was performed twice at, 6 and 9 days after egg laying. Fly rearing, maintenance, and behavioral testing were performed at 25°C in climate-controlled chambers at 70% relative humidity in a 12-h light-dark cycle (Aralab, FitoClima 60000EH).
Egg-laying assays. Groups of 16 female and 5 male flies were briefly anesthetized using light CO2 exposure and transferred to apple juice agar plates (per liter, 250 ml apple juice, 19.5 g agar (#MB14801, Nzytech), 20 g sugar, and 10 ml nipagin (10% in ethanol, #25605.293, VWR), where they were allowed to lay eggs for 24 h. Importantly to avoid changes in nutrient state no yeast was added to the egg laying plates. Flies were then removed and counted and the nº eggs assessed. Egg laying was calculated by dividing the number of eggs by the number of living females at the end of the assay.
Ovary dissection, staining and imaging. Ovaries were dissected in ice cold PBS and fixed with a solution of 4% PFA (#158127, Sigma) and 0.1% Triton X-100 (#21123, Sigma) in PBS for 20 min at RT using soft agitation. Ovaries were washed 3x with 0.1% Triton X-100 in PBS (PBT). Tissue nonspecific antigens were blocked using 0.5% NGS (#16210-064, Invitrogen) dissolved in PBS for 1h at RT and using constant agitation. Ovaries were next incubated with Phalloidin (#P5282, Sigma) at a dilution of 1:25 for 20 min using agitation followed by 3 washes with PBT and 1 wash in PBS before mounting in Vectashield with DAPI (#H-1200, Vector Laboratories). Analysis of the tissue and image acquisition was carried out using a Zeiss LSM 710 confocal laserscanning microscope and processed using Fiji and Adobe Photoshop.
Generation and preparation of probes for in situ hybridization. RNA probes for in situ hybridization were synthesized from a cDNA library derived from wild-type flies (protocol were adapted from Morris et al. (2009) . For this, mRNA was extracted from 15 wild type flies (BL#2057) using the following procedure: flies were snap frozen on dry ice before grinded and homogenized for 20 s (using pestles #Z359947, Sigma) in 100 µl of PureZOL (#732-6890, Bio-Rad). 900 µl of PureZOL was further added and mixed by vortexing. 200 µl of chloroform (#C2432, Sigma) were added and the samples were incubated on ice for 15 min. After centrifuging the samples at top speed for 15 min in 4ºC (Eppendorf Centrifuge 5415 R), the aqueous phase was transferred to a new RNase free Eppendorf tube. RNA was precipitated by mixing 500 µl of isopropanol (#278475, Sigma) with the aqueous phase. Samples were incubated on ice for 10 min and finally centrifuged at top speed for 10 min at 4ºC. The RNA pellet was washed with 500 µl of 75% ethanol and air-dried at RT. The pellet was resuspended in 12 µl of RNase free water. The concentration of the total mRNA samples was determined using a Nanodrop (Thermo Scientific, Nanodrop 2000 Spectophotometer) . cDNA was synthesized using the Transcriptor high fidelity cDNA synthesis KIT (#05081955001, Roche) according to manufacturer's instructions. The DNA of exonic sequences for HexA and Pgd (retrieved from Ensembl genome browser 93 (https://www.ensembl.org/index.html) for synthesizing the probes was amplified using the primers described in Table S3 as following: the PCR reaction was set with KOD hot start master mix (#71842, Novagen), according to the manufacturer's instructions and subsequently purified (#28706, Quiagen). In vivo transcription was carried out using the RNA polymerase SP6/T3 (#M0378S/M0207S, NEB) followed by template DNA degradation using DNAseI (#M0303S, NEB) according to manufacturer's instructions. Probes were hydrolyzed using 20 µl of carbonate buffer (2x) (composition in Table S4 ) for 20 min at 65ºC. 1.67 µl of Lithium Chloride (6M) and 120 µl of ethanol (100%) were added and the RNA probes were left to precipitate O/N at -20ºC. Samples were centrifuged for 30 min at top speed in 4ºC, and probes were washed in 200 µl of 70% ethanol. The pellets were air-dried and resuspended in 50 µl of hybridization buffer (composition in Table S4 ).
Ovary dissection and in situ hybridization. Protocol for in situ hybridization was adapted from (Morris et al., 2009 ). Ovaries were dissected in PBS on ice and fixed with a solution of 4% PFA and 0,1% Triton X-100 in PBS for 20 min at RT. Ovaries were washed 3x with 0.3% Tween 20 (#P9416, Sigma) in PBS. Ovaries were next incubated with 200 µl of pre-hybridization buffer (composition in Table S4 ) for 1 h at RT followed by a 1 h incubation with 200 µl of hybridization buffer at 55ºC. Ovaries were left incubating with the probes at 1:100 dilution in hybridization buffer O/N at 55ºC. The ovaries were washed in pre-hybridization buffer for 30 min at 55ºC, followed by 5 washes with 1% Tween 20 in PBS (PBT) for 20 min each at RT. They were next incubated for 30 min in Roche blocking buffer (1:10 in PBT) (#11096176001, Sigma) at RT followed by incubation with mouse anti-DIG alkaline phosphatase (AP) antibody (1:2000) (#11093274910, Roche) in Roche blocking buffer (1:10 in PBT) at 4ºC. Ovaries were next washed 5 times in PBT at RT, and then rinsed in 1X AP buffer (composition in Table S4 ). The tissue was stained with NBT/BCIP (1:50) (#11681451001, Roche) in AP buffer using a multiwell plate and checked under the scope regularly. The reaction was stopped after approximately 1 h with PBT, followed by washing in PBT 3 times, and finally mounted in Vectashield (#H1000, Vector Labs). Analysis of the tissue and image acquisition was carried out using Zeiss AxioScan.Z1 automated brightfield slide scanner and processed using Fiji and Adobe Photoshop. flyPAD assays. flyPAD assays were performed as described in (Itskov et al., 2014) . Single flies maintained in different dietary conditions were tested in arenas that contained two kinds of food patches: 10% yeast and 20 mM sucrose, each mixed with 1% agarose. Flies were individually transferred to flyPAD arenas by mouth aspiration and allowed to feed for 1 h at 25°C, 70% relative humidity. All assays were performed between ZT2 and ZT9. The total number of sips per animal during the assay was calculated using previously described algorithms (Itskov et al., 2014) . Flies that did not eat (defined as having fewer than two activity bouts during the assay) were excluded from the analysis.
Two-color food choice assay. Two-color feeding preference assays were performed as previously described (Ribeiro and Dickson, 2010) . Groups of 16 female and 5 male flies were briefly anesthetized using light CO2 exposure and introduced into tight-fit-lid Petri dishes (#351006, Falcon). Flies were given the choice between nine spots of 10 µl sucrose solution mixed with red colorant (20 mM sucrose (#84097, Sigma-Aldrich); 7.5 mg/ml agarose (#16500, Invitrogen); 5 mg/ml Erythrosin B (#198269, Sigma-Aldrich); 10% PBS) and nine spots of 10 µl yeast solution mixed with blue colorant (10% yeast (Saf-instant, Lesaffre); 7.5 mg/ml agarose; 0.25 mg/ml Indigo carmine (#131164, Sigma-Aldrich); 10% PBS) for 2 h. After visual inspection of the abdomen under the stereo microscope (Zeiss, Stereo Discovery.V8), each female fly was scored as having eaten either sucrose (red abdomen), yeast (blue abdomen), or both (red and blue or purple abdomen) media. The sugar preference index (SPI) for the whole female population in the assay was calculated as follows: (n red sucrose − n blue yeast ) / (n red sucrose + n blue yeast + n both ). Dye-swap (red yeast versus blue sucrose choice) experiments has been tested previously (Leitao-Goncalves et al., 2017) and because the colorant used for each food source had no impact on overall feeding preference, we opted to exclusively perform red sucrose versus blue yeast choice experiments. All assays were performed between ZT6 and ZT9. In all experiments, the observer was blind for both diet and genotype.
Carbohydrate measurements. The glucose/trehalose measurement protocol was adapted from (Tennessen et al., 2014) . Concentrations of these metabolites were measured from 15 fly heads and in 5-6 replicates per condition. Flies were harvested and washed in PBS before snap frozen in liquid nitrogen. Fly heads were separated from bodies using sieves of appropriate sizes (#11342204, Fisher Scientific). The tissue was grinded and homogenized in 100 µl of cold Trehalase buffer (TB) (composition in Table S4 ) (using pestles, #Z359947, Sigma). 15 µl of homogenate was used for protein measurement using a Pierce BCA protein Assay Kit (#10678484, Fisher Scientific) and a standard curve was calculated with a series of Albumin dilutions (0.025, 0.125, 0.250, 0.5, 0.75, 1, 1.5 and 2 mg/ml). Absorbance was measured at 562 nm in a plate reader (BMG Labtech, Spec-troStar Nano) and the concentrations were calculated from the albumin standard curve. The remaining homogenate was heated for 10 min at 70ºC and spun for 3 min at top speed at 4ºC (Eppendorf 5415R). The supernatant was transferred to a new tube and heated for 10 min at 70ºC. Samples were then centrifuged at top speed at 4ºC. The supernatant was transferred to clean tubes. To generate standard curves, glucose (#GAHK-20, Sigma) dilution series were prepared in TB (0.16, 0.08, 0.04, 0.02 and 0.01 mg/ml) and trehalose (#T0167, Sigma) dilution series in a 1:1 mix of TB and Trehalase (3µl trehalase/ml, TS) (#T8778, Sigma) (0.16, 0.08, 0.04, 0.02 and 0.01 mg/ml). 30 µl of each sample was mixed either with 30 µl of TB (used to calculate the free glucose) or 30 µl of TS (used to calculate the trehalose derived glucose). 30 µl of the glucose standards were mixed with 30 µl of TB, and 30 µl of trehalose standards were mixed either with 30 µl of TB or 30 µl of TS. All standards and samples were incubated at 37ºC for 18-24 h. 30 µl of each sample and standards were transferred to a 96-well plate, mixed with 100 µl of the Glucose assay reagent (#GAHK-20, Sigma) and incubated for 1 h at RT. Absorbance was measured at 340 nm in a plate reader (BMG Labtech, SpectroStar Nano). A blank sample was prepared for glucose measurements using ddH 2 O and TB and a blank sample for the trehalose measurements was prepared with ddH 2 O and TS. Blank sample absorbances were subtracted from the glucose or the trehalose samples. Free glucose concentrations were calculated using the absorbances from the undigested samples and using the glucose standard curve. The trehalose concentrations were calculated by subtracting the absorbance of the undigested samples from the digested samples, and then using the trehalose standard curve. Concentrations of these metabolites in each sample were normalized for the corresponding protein content. Fructose measurement protocol was adapted from (Miyamoto et al., 2012) . Measurements were performed from 60 fly heads and in 3 replicates per condition. Flies were harvested and washed in PBS before being snap frozen in liquid nitrogen. Fly heads were separated from bodies using sieves of appropriate sizes (#11342204, Fisher Scientific). Fly heads were grinded and homogenized in 100 µl of cold ddH 2 O (using pestles #Z359947, Sigma) and ddH20 was further added to obtain a total volume of 175 µl. 15 µl of homogenate was used for calculating protein concentration as described in the glucose/trehalose measurement protocol. To generate a standard curve, fructose dilutions were prepared in ddH2O (400, 200, 100, 50, 25, 12.5 µg/ml) (#F0127, Sigma). 2 times the sample volume of 0.05% Resorcinol (#10149831, Fisher Scientific) in HCl (6N) (#30721, MERCK) were added to each sample and fructose dilutions. Samples were centrifuged at top speed for 10 min and 200 µl of the supernatant was transferred to 2 clean tubes. One of the tubes was heated for 10 min at 95ºC, the other tube was used for background absorbance measurement. Two blank samples were prepared using ddH 2 O and Resorcinol, one of which was heated. Absorbance was measured at 485 nm using a plate reader (BMG Labtech, SpectroStar Nano). The average absorbance of the non-heated blank was subtracted from the non-heated samples and the same procedure was done for the heated samples. Finally, the absorbance measurements of the non-heated samples and standard dilutions were subtracted from the corresponding heated samples. A standard curve was calculated from the fructose dilutions and the concentrations of fructose in each sample was calculated using this curve. Protein measurements were performed as described in the previous section and the fructose concentrations normalized to protein amounts.
Starvation assay. Groups of 16 1-5-day-old females were collected into fresh YBM-filled vials with 5 Canton-S males and transferred to fresh YBM after 48 h to ensure they were well fed and mated. After one day, single flies were transferred to tubes containing water soaked paper for a total of 80 flies per condition. The number of living flies was scored every 12 h until all flies were dead. PER assay. PER assays were performed as described in (Walker et al., 2015) . Briefly, groups of 16 1-5-day-old females were collected into fresh YBM-filled vials with 5 Canton-S males and transferred to fresh YBM after 48 h to ensure they were well fed and mated. After one day, flies were then gently anaesthetized using CO 2 and affixed by the dorsal thorax to a glass slide using No More Nails (UniBond) in groups of 20 for a total of 35-40 flies tested. Flies were allowed to recover for 2 hr at 25ºC in a humidified box and then moved to room temperature. They were first allowed to drink water until they no longer responded to stimulation, and then a droplet of 25 mM sucrose (#84097, Sigma) was presented for 3 s on the tarsi. Flies were scored as extending versus not extending the proboscis and each fly was treated as a single data point for each stimulus.
Total mRNA extraction, RT-PCR, and quantitative real-time PCR. Flies used for mRNA extraction were snap frozen in dry ice and strored at -80ºC. Behavioral assays were performed in parallel to confirm that sibling flies presented the expected feeding phenotype. mRNA was extracted from flies (5 flies per condition) using the following procedure: flies were grinded and homogenized for 20 s (using pestles #Z359947, Sigma) in 100 µl of PureZOL (#732-6890, Bio-Rad). 900 µl of PureZOL was further added and mixed using a vortexer. Subsequently, 200 µl of chloroform was added to the samples, followed by 15 s vigorous shaking, incubation on ice for 15 min, and finally centrifuged at top speed for 15 min at 4ºC. The aqueous phase was transferred to a new tube and the RNA was precipitated by mixing with 500 µl of isopropanol (#278475, Sigma). The samples were stored on ice for 10 min and spun at top speed for 10 min at 4ºC. The supernatant was removed and the RNA pellet washed with 500 µl of 75% ethanol. After one last centrifugation at top speed for 10 min at 4ºC, the ethanol was removed and the pellet was air-dried. RNA was resuspended in 12 µl of distilled RNase/DNase-free water. After RNA quantification using a Nanodrop (Thermo Scientific, Nanodrop 2000 Spectophotometer), 1 µg of RNA was reverse transcribed (RT) using the iScript Reverse Transcription Supermix for RT-PCR kit (#170-8840 Bio-Rad), following the manufacturer's instructions. The expression of fit was determined using realtime PCR. Each cDNA sample was amplified using SsoFast EvaGreen Supermix on the CFX96 Real-Time System (Bio-Rad). Briefly, the reaction conditions consisted of 1 µl of cDNA, 1 µl (10 µM) of each primer, 10 µl of supermix, and 7 µl of water. The cycle program consisted of enzyme activation at 95ºC for 30 s, 39 cycles of denaturation at 95ºC for 2 s, and annealing and extension for 5 s. The primers used in this reaction are listed in Table S3 . Three experimental replicas and two technical replicas per genotype were used. Appropriate non-template controls were included in each 96well PCR reaction, and dissociation analysis was performed at the end of each run to confirm the specificity of the reaction. Absolute levels of RNA were calculated from a standard curve and normalized to two internal controls (Actin42A and RpL32). The relative quantitation of each mRNA was performed using the comparative Ct method. Data processing was performed using Bio-rad CFX Manager 3.1 (Bio-Rad).
